Introduction
Deep levels in AlGaN induce not only serious degradation in AlGaN/GaN HEMTs such as drain current instability, noise enhancement and lack of long-term reliability, but also significant reduction of light emitting efficiency in optical devices using AlGaN materials. In spite of its importance, a very few results have been reported for the deep levels in AlGaN, in particular for near-midgap levels.
The purpose of this study is to investigate near-midgap deep levels in AlGaN by using a combination analysis of thermally-excited and photo-assisted capacitance transients in AlGaN Schottky diodes. Figure 1 shows a circular Schottky diode with a diameter of 200µm on a 1.0-µm thick high-quality Si-doped n-Al 0.26 Ga 0.74 N layer grown on a sapphire substrate by metal organic vapor phase epitaxy (MOVPE). Typical values of electron concentration and mobility of the AlGaN layer at RT, from the Hall measurement, were 2x10 17 cm -3 and 100 cm 2 /Vs, respectively. As a ring-shape Ohmic contact, a Ti/Al/Ti/Au (20/50/20/150 nm) multi-layer structure was deposited on the AlGaN surface, followed by an annealing at 800 o C for 1 min in N 2 ambient. A Ni/Au Schottky electrode was formed at the center of the Ohmic ring by electron-beam deposition 2 -V characteristics gave a straight line in the wide bias range, indicating that the leakage current does not significantly affect on the C-V measurement. Moreover, we confirmed that the carrier density calculated from the 1/C 2 -V slope was in good agreement with that by the Hall measurement. These results showed that we obtained a stable Schottky interface, being suitable for deep level characterization using the depletion layer control.
Experiment
First, the diode was characterized by deep level transient spectroscopy (DLTS) using a filling bias of +0.5V and an emission bias of -2V. In order to focus on extremely deep levels around 1eV or deeper, we set the maximum rate window as long as 3.9 s (the sampling times are 1 and 10s). Figure 3 (b) shows Arrhenius plots obtained from the DLTS peaks around 360K. An activation energy of 1.1±0.1eV and a capture cross section of 6.5x10 -12 cm 2 were extracted from the plots, respectively. Thus, we successfully detected the deep level with an activation energy larger than 1eV, by employing a very long time window of 3.9 sec. By considering the partial ionization of the deep level in the depletion layer (so-called λ-effect), the trap density was estimated to be 6x10 15 cm -3 .
To obtain better insight into the near-midgap deep levels, the photo-assisted capacitance transient measurement was carried at 360 K using a filling bias of +1V and an emission bias of -3V. Figure 4 shows a measured capacitance transient under dark and illumination conditions. Under the dark condition, the capacitance showed a fast transient, as labeled "C TH " in Fig.4 , and then saturated within several hundreds of seconds. The fast transient time is in agreement with the electron emission time from the 1.1-eV level predicted by the SRH statistics. Furthermore, the trap density from the capacitance step "C TH " corresponds to that obtained by the DLTS peal height shown in Fig. 3 (a) . These results showed that the first capacitance transient arises from the thermal electron emission from the deep level with the activation energy of 1.1eV.
After two hours passed, the Schottky diode was illuminated by a green laser with a wavelength of 532nm (hν=2.3eV) corresponding to the energy of AlGaN midgap region. We observed a sharp and large capacitance increase which is labeled as "C PH " in Fig. 4 . One may attribute the photo-induced capacitance transient C PH to the electron-emission behavior of the 1.1-eV level. However, it turned out that the observed transient C PH was much larger than the amplitude expected from photo-assisted emission of electrons captured by the 1.1-eV level below Fermi level in the depletion layer. Thus, this result in Fig.4 indicates the existence of other near-midgap levels in AlGaN, with the energy range between 1.1 and 2.3 eV.
Several groups reported relatively shallow levels associated nitrogen vacancy and other deep levels with activation energies ranging from 0.5 to 0.9 eV in AlGaN with the Al composition lower than 17 % [1, 2] . In this study, we successfully detected the deep level with the activation energy of 1.1eV by DLTS measurement employing a long time window of 3.9 sec. In addition, the photo-capacitance result indicated the existence of different levels near midgap, as schematically shown in Fig.6 . It is very important to investigate basic properties of such deep levels and their correlation with instability and/or degradation issues in AlGaN-based electronic and photonic devices. 
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